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A PRELIMDTARY COLLATION OF THE 

THERMODYNAMIC AND TRANSFORI' PROPERl'IES OF CESIUM 

H. W. HoffMan and T. T. Robin, Jr. 

ABSTRACT 

This me:1orandum constitutes a preliminary collation of the thermo­
dynamic and transport properties of saturated liquid ~d vapor cesium. 
It is intended to provide a convenient and consistent source of prop­
erties for those involved in the design and evaluation of power systems 
based on thermodynamic cycles involving cesium as the working fluid. 

Included in this compilation are the thermodynamic properties -
physioPl. constants and critical state ccnditions, sonic velocities, PVT 
relationships (vapor pressure, density, and compressibility), enthalpy, 
~eat capacity, latent heat of vaporization, and entropy, and surf'ace 
tp.nsion - and the transport properties - viSCOSity, thermal conductivity, 
and electrical resistivity. A preliminary evaluation of' the data avail­
able indicates the need for additional neasurenents of both the thermo­
dynamic and transport properties. Thus, for liquid enthalpy, the dif:. 
f'erences between the tabulated relatiOns, while small, are suff'lcient to 
affect significantly thermodynamic cycle calculations. To a lesser extent, 
further data on the PVT characteristics would be useful, since these data 
are the base for the calcuJation of vapor enthalpies; only Ewing et ale 
predict vapor pressures for temperatures above 1950°F. Achener alone 
reports measurements of' the latent heat of vaporization; the remaining 
"investigators == derive this quantity, with only Ewing showing reasonable 
agreement with the experimental values. The surface tension has been 
obtained only by Tepper to date; experiments by others are in progrtss, 
and evaluation of need for further studies must await the out~ome of' these 
current investigatiOns. In respect to the transport properties, serious 
disagreements exist for vapor vi~cosities and thermal conductivities; and 
the need for additional measurements is evident. Some variation, though 
not as significant, exists for the liquid viscosities and conductivities6 

The results of Ewing et ale are currently reconunended for the thermo­
dynamic properties in that these c nstitute an internally consistent set. 
A later revision of this memorandum will include a more detailed evalua­
tion of this data set in relation to similar consistent sets by Helmel 
and by Achener et ale Values for superheated vapor and the nuclear 
properties of cesium will also be included in the final collection. 
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INrROIXmION 

The alkal:' liquid netals have been proposed as the coolant and 

thermodynamic nedium in space power applications utilizing nuclear 

reactor or isotopic heat sources. These fluids are also of interest in 

the fast-breeder reactor progr.wm where they serve as the core coolant. 

The work slmmerized herein is a part of Phase I of ~~ analytical com­

parison being carried out at the Oak Biage National Labora~ory for the 

National Aeronautics and Space Administration under AEC Inte~ncy 

AgreelEnt 40-98-66, NASA Order W-12,353, on the relative merits of cesium 

and potass ium as working fluids for Rankine -cycle space power plants. 

The theI'D6.l properties of the alkali lEtals are necessary bot& for 

cycle analyses and for the correlation and interpretation of experimen­

tal heat-transfer data. This report compiles the thermodynamic and 

transport properties of only one of these fluids - cesium; a subsequent 

addition will cover potasSium. A prelimjnary evaluation of the available 

data is included. A final report issued at the conclus ion of this pro­

gram will contain (1) a set of recommended equations, and (2) an indica­

tion of areas in which further experimental measurements are necessary. 

The thermodynamic and transport propert ies of saturated liquid and 

vapor ces ium are presented in the sect ions which follow. The data are 

given in two forms: (1) graphs of the specific property over the temper­

ature span 1100 to 2500 0 R constituting a preliminary set of values recom­

mended for design calculations; and (2) tabulations of €."ailable equations 

for each property including temperature range, reported error, indication 

of the method of measu.:r:-ement, the investigator and th~ date of the investi 

gation, and the reference. Each of the two data sections is preceded. by a 

I 



3 

brief discussion of -the properties within that section and a preliminary 

evaluation and justification of the recommended data. These discussions 

include - particularly in the section on transport properties - comments 

on properties which are not given in ensuing data tabulation.; the primary 

purpose for this has been to provide a reasonably complete perspective on 

c~sium properties. Further, little detail is included in these comments; 

for further elaboration reference should be made to the original sources. 

While the application of this ~ollection is in the design of nuclear 

systems utilizing cesium as the reactor coolant and/or thernodynamic 

medium, no information on nuclear properties is included. The possibility 

of such data appearing in a final ve!"sion of this report· will be considered. 

For the thermodynamic properties, the results of Ewing et al.1 have 

been recommended; the basis for this choice is discussed further in the 

section immediately following. Subsequent to the initial writing of this 

memorandum, Achener et al.35 issued a report il: which, using their meas­

urements as a basiS, a self-consistent set of thermodynamic properties was 

also developed. A brief comparison of the two property sets indicates 

some differences. The significance of these differenCeS nas not yet been 

evaluated but will be included in the final version of this memorandum. 

Superheat values for ceSium vapor are not included in this initial 

cesium properties sUIllDllry. These shculd be obtained by reference to 

Appendix B of Ref. 1; for the convenience of users of this data collection, 

tabulations or plots of properties of superheated cesium vapor may be 

appended to the final report. 
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THERMODYNAMIC PROPERl'IES 

Introduction 

The thermodynamic properties characterize a substance with respect 

to equilibrium states. In this category, we include the critical state 

conditions and sonic veloCity, the PVT relationships (vapor pressure, 

density, compressibility), the enthalpy, heat capacity, latent heats of 

phase change, and entropy, and the surface tension. 

Ewing and co-workers1 and Heime115 have both generated internally 

consistent sets for the thermodynamic properties employing approximately 

the same procedures. The former list saturation values between 1250 and 

2350°F (limiting their analysis to press~-es between about 1 atm and 

34 atm), while the latter tabulates saturation properties over the span 

-2Bo°F to 2240 of • In the common range, there arc some generally small 

differences between the two data sets. Ewing et ale have also calculated 

superheat values (Appendix B, Ref. 1) for cesium vapor between 1250 and 

2550°F (to a maximum pressure of 34 atm) using as the starting point for 

a particular property the absolute value of that property for either the 

saturated liquid or the monomeric gas. In general, the agreement between 

values calculated by either path was quite good (see Ref. 1, p. 21). 

This is discussed further in a following ~ection on enthalpy and entropy. 

Because of the wider range, the Ewing et ale results are currently recom­

mended. 

One further comment is necessar.f. It is known that the vapors r~' 

many metals do not behave as normal gases because the molecular weights of 

such vapors change as conditions change. This is generally believed to 

• 
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arise from variations in the relative amounts of monamer, dimer, trimer, 

etc. species in the vapor. Since a certain amount of energy is tied up 

in these polymeric states, it is necessary to account for these vapor 

species composition effects in calculating the thermodynamic properties 

of the vapor. When this is done, the properties are known as equ.ilibrium 

properties. On the other hand, when processes occur rapid~y, equilibrium 

between the several vapor species may not be achieved; e.g., as in the 

nozzle expansion of a vapor. Calculations are then made on the basjs of a 

fLxed vapor composition and the properties are known as froze~ Eroperties. 

Generally, under conditions of shifting equilibrium, bracketing ca:!'~ulations 

are made using the extremes of equilibrium properties and frozen propertl€s. 

Physical Constants and Critical PrOperties 

A brief tabulation of some of the physical constants for CeSilL"Il are 

given in Fig. 1; nuclear properties are omitted but'tlill be included later. 

The critical properties of a fluid (Tc ' Pc' and vc ) are ~ortant in the 

design of vapor compressors and turbines and useful in the estimation of 

the transport properties. Further, some generalization of the properti€s 

of different substances is possible through the use of the ~educed st~te 

concept (ratiO of the existing state to the critical state). 

No experimental values are available for the cri"t·lcal properlies of 

ceSium; all values listed in Table I were estimated through a variety of 

methods. As a result, no recommendation as to best values is given. 

Critical temperatures range fr~m 1838 to 2l57°K (the ext~'emes of the esti­

mates by TeppP.r et al. 17) with a mean of 2055°K, critical pressures vary 

from 140 +.t; 170 atm, and critical volumes from 0.311 to 0.380 liter/g-mole. 
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Sonic Velocities 

The equilibrium and frozen sonic velocities for saturated vapor are 

shown in Fig. 2. The curves plotted were taken from the calculations of 

Shapiro and ~~is131 as reported by Weatherford et al.26 Values based on 

experimental measurements are not available. 

PVT Relationships 

~por Pressure. Six vapor pressure equations are show"tl in Table 2. 

Some early data hf~s been om:i.tted due to unavailability of the references 

at this time; thes~ may be included in the final version of this ~co~andum. 

The recommended. equation, that of Ewing et al.,1 is shown as Eq. (3) in 

Table 2 and plotted in Fig. 3. 

The six t.abula"ted vapor prf'ssure equations Sh0W the following com-

parison at thE~ three listed temperatures: 

Vapor Pressure 
(psia) 

Equation P,50oF 1700°F 230Q2: 

(1) 1.01 99·5 )~62. 7 
(2) 0·98 100.4 472.2 
(3) 1.01 100.8 452.2 
(4) 1.05 105·3 493.7 
(5) 0.84 65.3 252·9 
(6) 1.05 103<6 449.1 

The relation of Taylor at.i.d Langmuir14 [Eq. (5)] deviates significantly 

over the entire temperature r&nge from the other five expressions; 

Bonillats~:3 results are somewhat higher. Tepper,12 Achener,2 and Ewing1 

are in close agreement except at 2300°F which exceeds the upper temperature 

limit of the data of the first two. While the lower limit of Evinb'81 data 

-
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is l236°F as compared to 850°F for Tepper,12 893°F for Achener, 754°F for 

Bonilla, and 85°F for Hetmel,1S the agreement in the calculated vapor 

pr~ssure remains reasonable. 

To determine the effect of vapor pressure on thermodynamic cycle 

calculatiOns, the equations of Tepper and of Ewi~g were used in an ideal 

Rankine-cycle calculation. Turbine inlet conditions were assumed as 

2250°F and 293.92 psiaj "Ghe exhaust condition was 58.78 psia. Using 

Eq. (1), the cycle efficiency was found to be 20.00~ with an exhaust 

quality of 0.86897. Correspondingly, Eq. (3) gave a cycle efficiency of 

19.981i with 0.87080 exhaust quality. Thus, the effect of the particular 

vapor pressure equation elected (using relationships in fair agreement) 

on the engineering cycle calculations does not appear large. 

Density. For liquid ceSium, the equation of Ewing et al.1 [Table 3, 

Eq. (3); and Fig. 4] is reco~nded. This equation represents the best 

fit to the experimental data ob"cained by Ewing, Achener,P-.,s and Tepper 

et al. s over the temperature range from the melting point to 2300°Fo 

For cesium vapor, Ewing et al.1 [Ta"ul€ 4, Eq. (1); and Fi g. 5] is 

recommended. The virial equation of Ewing predicts experimental dS.ta to 

within ±o.43~; the empirical equation of 'I'ep?er et al.~7 c0--"'~lateE their 

data with a maximum deviation of 7.9%. Satura.tion values ot __ y are plotted 

in Fig. 5. 
""J 

Comp:-essibiltty. The compressibility, z = pV /Ffr, is often a useful 

quantity in calculations. The ~alculated values of Ewing et al.1 are 

again reconnnended. z is rlotted in Fig. 6 for cesium vapor at sa.turation 

conditions onlYj 'values for superheated vapor are to be found in Appendix B 

of Ref. 1. 
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Enthalpy and Entropy 

Enthalpy. The five equations shown for the liquid enthalpy in Table 5 

agree reasonably with respect to enthalpy differences over the range 1000 

to 2500 oR. The Ewing ct al. 1 relatiolwhip [Table 5, Eq. (4); and Fig. 7] 

is recommended at this time. 

Equation (4) is based on the absolute properties of solid cesium at 

77.0°F as measured by Hultgren et al. 28 ~~d the data of Lemmon et al. 4 

for the latent heat of tus ion. An anomoly in the heat -content curve for 

the liquid exists between 77 and 570°F, and the enthalpy change as obtained 

by J"emmon et ale was used for this region. A constant value for the 

specific heat of the liquid of 0.05683 BtU/Ibm· of wa~ used above 570°F 

(see discussion on co). The values tabulated by Ewing (Appendixes A and 
... 

B, Ref. 1) were based on monomeric ga.s path calculations - as discussed 

~low - rather than on Eq. (i.:.) by subtracting at each temperature the 

enthBlpjr of vaporization. The resulting differences in enthalpy were 

small (0.1 to 2.~). 

Trte enthalpy of saturated vapor is plotted in Fig. 8. Ew'ing et al. 1 

obtained the vapor enthalpy by computation along isotherms using their 

PVT equat ion. Thus, for th~ monomeric gas, 

T Rl' I'" 1 [ ( dB \J- 1 r T ( dC ' ] 
H = HO 

+ - J;:: B - T - J +;:; I C - - -) 
g g M1 L V dT V2 L- 2 dT 

I,. T(dD)] I" T(dE)ll 
+ ~i.D - - ~ + ~J! - - ,- J r ' 

V 3 o.T V 4 dT ' 

where M2 is the molecular weight of monomer (132.91) and the remaining 

qunatities are as shown in Table 4, Eq. (l). The reference value for the 
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monomeric gas at I atm (relative to the solid crystal at OOR) is given by: 

, 

where H is in units of BtU/Ibm and T: in OR. This equation is based on 

the standard properties of Evans et al.33 over the temperature range 

o to 3100°F and on the enthalpy of vaporization to OOR (18.62 mean kcal/ 

mole) as derived by Ewing. l o It is noted that the value for H used by 
g 

Ewing differs somewhat from that employed by Heimel.15 

Latent Heat of Vaporization. The equation of Ewing et al. l is 

recommended; this is shown as Eq. (2) in Table 6 and is plotted in Fig. 9. 

This relation was derived by differentiation of the vapor pressure equa-

tion [Eq. (3), Table 2] and substitution into the Clausius-Clapeyron 

equation. A value of vt at each temperature was obtained from Eq. (3), 

Table 3, and of v from the yirial equ'ltion of state LEq. (1), Table 4]. g 

Of ·~he four equations presented, only that of A~hene~2 is based on 

experimental measurements. The other three equatiGns -Ewing et al.,l 

Tepper et al.~17 and Dillon16 - obtain the lhtent heat of vaporization 

by the procedure discussed above. Only Ew~ng shows good agreement (1 to 

~) with the Achcner data. 

Ent.ropy. Again, Ewing et al .. l is recOImIlC'!.lded [Table 7, Eq. (2); and 

Fig. 10J. As discussed with respect to the enthalpy, the va.lues tabulated 

by Ewing for the entropy of the saturateJ liquid were based on the prop-

erties of the monomeric gas at 1 atm.; these are the values plot.ted in 

Fig. 9. E,::!uation (2) was used in comparison calculatior,s with the prop-

erties of the saturated liquid as t.he starting point; note that this 

entl'oPY is given relative to the solid at OOR. The rE'sulting differences 

in entropy we re small (0 to o. Plio) • 
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The discussion on the va,por t~nti·opy follows that given abo'. e for the 

vapor enthalpy. Thus, for the momomeric gas, 

C T dC 

+2V2+2V2(;) 

where 

. SO = 0.0373611Al T + 0.080604 + 0.371 e -29, 598/T g , 

for p in atm, T in oR, V in ft3 /1b-mole, and S in Btu!lbm.QF. Vapor 

enthalpies tabulated by Ewing et ale (Appendix A, Ref. 1) for aat~rated 

vapor are plotted in Fig. 11. 

The entropy of vaporization at each saturation Toint is obtai ned cy 

dividing the appropriate enthalpy of va.porization by the absf)lute t~mpe:r-

ature. 

SpeCific Heat. Six equations are given in Table 8 for the 8pecific 

heat of saturated liquid. With the exception of Ewing \ ~t al. 1 [Eq. (5)J, 

these were obtained by dj.fferentiation of deriveci heat content equations. 

Ewing's value of 0.05683 Btu/Ibm-oF was obtai.ned through a trial-ana-error 

procedure to provide internal third law consistency with their PT ~T data. 

Note that this value lies intermediate to those of Tepper et a1.12 and 

Lemmon et al. 4 and, further ~ that an anomaly exists in c ~ in the tem­
p, ." 

perature range between 212 and 572°F (see Lemmon et al., Rf~:~. 4, p. 12). 

Ewing et ale is recOI:nnended (Fig. 12). 

The specific heat of cesium vapor (Ta1le 9) was determl.ned by Ewing 

et aJ.. 1 following the procedure outlined above for enthalpy and E:"l.Ltr(.,;py. 

r , 

! 
I. 
\ 
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For this property, however, values based on the saturated liquid were 

5·3 to 3l~ lower than those calculated by the mon)meric gas path. The 

latter values are plotted in Fig. 13. Shapiro and Meis13~ report the 

froz.en flpecific heat of oaturated vapor to be 0.0371 Btu/Ibm. of. 

T" evaluate the efft:'ct of liquid Cl: on cycle efficiencies, an ideal 
p 

R3.n .. ~.~ :le cycle "ras assumed; and calculations were made for two different 

val"L.es of c: (J - 0.05683 Btu lb • of (as recommended by Ewing et al. l ) and P,N m 

0.0600 BtU/lbm·oF (as reported by Lemmon et al. 4). The Ewing relations 

were llsed fer all vapor conditions. The turbine inlet conditions were 

taken to "be 2250 0 F and 293.92 psia; the turbine exhaust was at 58.78 psia. 

For the first ~ase, the cy'.!le efficien.cy was determined to be 19.931~ with 

a turbine exhaust quality of 0.870800; the second case yielded an effi-

ciency of 24.011% and an exhaust quality of 0.829166. These differences 

are sufficiently significa:nt to suggest the need for further experimf..!ltal 

measurements on the enthalpy of liquid cesium. 

Surface Tension --
The interfacial tenslons (solid-liquid and vapor-liquid) of the a.i.!.:ali 

liquid metals are of importance in situations where free liquid surfaces 

exi.st, where liquid transfer is by capillary action (h:at pipes), and 

where heat transfer occurs by boiling. The only currently ava,ilable data 

for cesium are those of Tepper et al. 17 as shown in Table 10 and in 

Fig. 14 . Achener34 is currently studying lithium and sodium and plans 

measurements with cesium. Cooke (ORNL) has aJso started experiments with 

cesium to obtain data to about 2000°F. All three investigators are using 

the maximum "oubble pr€ssure technique. 
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Fig. 1. Cesium: Physical Constants 

Chemical Formula: Cs 

Molecular Weight: 132.91 

Melting Temperature: 83. 1 of 

Boiling Tempera.ture: l236°F (1 atm) 



table 1. Critical Preperti •• 

Equation Eq. Temperature , st and azod Method No. RUlIe (e,) Deviation 

TeJ!Il?erature ( OK) 

Tc = 2057 ~~ 

T = 2(1()() c 

T = 2150 c 

T = 1996 c 

T = 1838 to 2157 c 

Preaaure ~atml 

P = 145 c 

P = 140 c 

Pc == 170 

Volume (liter/I-mole] 

Vc = 0.311 iD.oo8 

Vc = 0.380 

Vc = 0.316 

* See Table of Reference •• 

Coment. Inv.atisator 
(Dat.e) 

Irror baa.d on data at lG5Q·C Dillon pt al. 
(1965) 

Morrie (1964) 

Gro ... (1960) 

HOChman~ Bonilla 
(1964 

rive method. uaed tor e.timatinc Tepper et ale 
(1965) 

-
Equation ot Sawnney and Bonilla Dillon et 1.1. 

u.ing Tc ot Dillon et ale (1965) 

sawhney , Bonilla 
(1962 

Morril (1964) 

Gro .. e (1960) 

Dillon et 1.1. 
(1965) 

Morrie (1964) 

Gro'fl.e (l96J) 

Ret.~ 

16,2', 

7 

8 

18 

17 

.-

16,27 

13 

7 

8 

16,27 

7 

8 

t-' 
W 

.~ 
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Fig. 3. Cesium: Vc.'\por Pressure. 



Table 2. VlI)Or Pr.'~u:"J 

Eq. Temperature Standard Method C~nta 
Inv.,Ulator B.t •. t 

Equation lin. Banse (·r) Deviation (Date) 
• 

6631.74 (1) 850-1950 0.72'fe Boiling 10 mention ot .uper-heat r. Tepper et al. 12 10810 P = - T + 3.~1l 
phe~non or "bwapifl,"; (1963) 

(p = atm abs; T = OR) tOl' Rb added Zr-chip. to 
prevent buaplng 

10&0 P = - 6680;185 + 5.09415 (2) 893-1600 O.~ Boiling 10 mentlon ot .uper-heat P. Y. Achener 2 
phe nOlll non (1964) 

(p = psi abaj T = OR) 

lU810 P = - 70~. 7 + 5.87303 - 0.5329:> 10810 T (3) 1236-2346 iD.35J Null Point C. T. lvinl et al. 1 
(1965) 

(p = atmj T = OR) ~ 

6665. 302 (4) 754-1788 1.44~ Boiling C. r. Bonl11a et al. 13 10810 P = - T + 5.10876 
(1962) 

(p = psi aba; T = °B) 

10810 P = - 4o~1 + 11.0531 - 1.35 10810 T (5) 84-1340 300-350 0 K: 1~ Poal tJ v,", Ion J. P. Taylor and 14 

35()o-Coo oK: ~ 
I. IAnglftul r 

(p = ms Kg; T = OK) (1937) 
600-1000 oK : ~ -- -

1",53 30 44 28 ~ (6) 85-1938 O.5~ Thermodynamic B .. ed on ?ero-degree heat S. Helmel 15 10810 P = - . T' + 7.0 53 - c. 9~5 2 10810 
C&lculatlon ot coDden.ation ot the (1965) 

(p = atmj T = OK) aonOllltr· 

* See Taole ot Referencea. 

. ...... , ..r.~~ . 
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Equation 

~ = 1.868926 - 0.29211 ( 1~ ) 

T )2 - 0.01?,*Q36 ( 'loOO 

[p ~ glee; T : OF] 

Eq. 
No. 

(1) 

Table 3. 

Temperature 
Ranse (Or) 

1~1950 

DeDalty (Liquid) 

Stand~d I Inveltlgat.or 
Deviation Method C~ntl (Date) Ret't>. 

O~236 I Dllot_ter Tepper .t ale 5 
cc (eon.tant vt) (1964) 

I . 

----------------------------------r---+---------~----------+_--------_+--------------------~I~--------------+--

p = 1.84/(1 + 1.}.·(55 X 106 (T- 82.4) (2) 83-1671 

+ 7.656 X 10-8 (T - ~2.4)2] 

(p • slcc; T = Or] 

p r 124.181 - 1. 5970 X 10-2 T (3) 83-2300 

- 1.G355 x 10-8 T~ 

'LP = Ib /tt3
: T = oR'· m' , 

o.6'i'S I 'ycn;caet.r 
(0.0u> gII/cc) (cor •• tant v.,l) 

:j£).~ Py\!nO:Deter Eq\\at1on 11 bellt f1 t to 
combined NRL, A!Bf, Uld 
MBAR data. 

Aehener (1964) 

811(1118 et a.L. 
(1965) 

::!,3 

1--
• 

I 1 

* 

------------------------------.-------~~ - ------~I~----, 
COUDt of y .ctivlty frail I Dl Uon et al. I 

kDow 1.ot~e. 1rradi· I (1965) • 
oted by tbeuoJ. ... "trono _ I 

_ k , 

nata. tabulated as t'\:nction of t£llllPe~r.tUl"l Irra41atior: 16,,~ 1ll~3218 

* See Table of Reterences. 

t-' 
CY;I. 
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Fig. 5. CesIum: D~nsity, Saturated Vapor. 



Equation Eq. 
No. 

PV BCD E - = 1 + - + - + - + - -+ 
R'I' V V2 V3 V4 ... 

10glo IBI = -3.6200 + ~ + 10810 T 

B < 0 

log C = 3. 3551 _ 5331.5 + 10.825 X 10
8 

T T2 

C>O 

log lDI = 4.1856 + ~ 

D<O 

E = +600,000 

[p = atm abs; T = oR; V = molel volume, 
rt3/1b-mole] 

(also tabulated in 25°F increments over 
tempe;.·ature ranse) 

PV = A(T) + B(T)P + C(T)p2 + D(T)p3 

AfT) = 0.09268T - 12. 4.307 

B(T) = 5.80719 - 18.2145 7 5.68552 
t t 3 

C(T) = 2.47250 + 0.30161 _ 1.35708 
_t 2 t4 _:;6 

D(T) = 0.02146 0.46282 + 0.27364 -
t 2 t 4 t 6 

[T = OK; t = 10-~;F = aUn; V = litera/g-mole] 
(also tabulated) 

* See Table uf References. 

Table 4. Vapor Denai ty 

Temperature Standard 
Ranse (o}l') Deviation Method 

125~2350 Prr-cloaed 
ch&tllber with 
flexible 
diaphrap .. 
null detector 

125~2150 PV'l'-cloaed 
cylinder with 
movable probe 
to indicate 
diap}..rap 
displacement 

Cc.aent. 

Vir1al equation of tit-ate 
developed udng grapti~al 
eValuation of coeff1cient~ 

Empirical equation asauming 
PV approachea finite value 
as p .. 0 

I nveat igato,:, I 
(Date) 

Bwing et al. 
(1965) 

Achener et al. 

Ref's. 

1 

17 

* 

l\) 

o 
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Temperature (·R) 

Fig. 6. Cesium: Compressibility, Saturated Vapor. 
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Fig. 7. Cesium: Liquid Enthalpy. 



Table 5. Enthalp,y (Saturated Liquid) 

Equation I Ec;,. I Temperature Standard 
No. ' Range (OF) DeViation Method 

! 
~ - ~98 = -1506 + 7.25 T ; (1) ~1110 :U.5~ Calorimeter 

I 
I 

i 
I 

[~ = cal/g-atom; T = OK] I 
I 

~ - H32 = 2.711 + 0.08543 T - 4.803 (2) 15~1656 0.11 Btu/Ibm Calorimeter 

X 10-& T2 + 1.995 X 10-8 T3 

I 

[~ = Bt u/1bm; T = OF] I 
I 
I 
I 

~ - HO = 3.55 + 0.0554 T 
i 

(3) 86-212 -Tt, Cal(\r1meter I 
I (estimate) 

I I 
~ - HO = 0.5 + 0.06 T 

I 
51~2100 

[~ = Btu/Ibm; T = OR] 
I 

~ - Ifo = -2.6969 + 0.05683 T (4) :>'j70 
I 
I 

(~ = BtU/Ibm; T = OR] I 
i 
I , 
I , 

H.r - H298 = --1704.5 + 7.455 T 
, 

(5) 6ro-ITIO . 
I 
; 

i , I , 
[Hrr = cal./~le; T = '"Ie] I I 

I I 
~ ~-- 1-

• See Table of References . 

COIIIIIents 

Not stated whether corrected 
for vapor coDieusation; 
total data range =11o-1110°F, 
belOW 600 of an anamoly was 
observed. 

Corrected for vaporizat1)n 

Corrected for vaporization; 
data. in range 2la-?72c F are 
anamolous. 

Based on a value of C which 
is cons:l.stent wi tb P3rd-law 
ee1cul~tior~ cf !P~ P-V-T 
elata. 

Corrected equation based on 
me&aUJ'ellents of Ref. 12. 

J Investigator 
(Date) 

Tepper (1963) 

Achener (1961.) 

lemmon ~t al. 
(1964) 

Ewing et ale 
(1965) 

Heime1 (1965) 

I 

I 
I 

I 
f 
I . 
I 

I 

! 

* Refs. 

12 

2 

4 

1 

15 

l\) 
W 
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Cesium: Enthalpy, Saturated Vapor. 
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2300 . 2500 

f\) 
VI 

_ _ \.0,. _ ____ _____ , _ 



Table 6, lAtent H.at or VlPOrintion 

Eq. Tmperature StAnd&rd lnvutigator * Equation No. Ranc. (Or) D .. v1ation Methoa CoaDenta (Date) Ret •. 

-- -
h ~ = 257.4 - 0.0362 T (1) O.~ Direct .. uure- Achener (1964) 2 XI Mnt of heat 

required to 
(htg = Btu/Ibm; T = OF] vaporl£~ a given 

IIIU. ot l1qui4 

-
h = J P (16,21~ .8 - 0 53290 \ ( - ~ ( 2) Cl&l.l.a t u.- D fg a T . , Vg v t Clapeyron CW an4 v.' v t trOCll KlL Ivins et al. 1 

(1965) equation cal- lIQuur .. ent. 
(ht = Btu/1b ; P .. atm; T .. OR ; v .. tt :!/lb J culaUon 

g . In S ID 

(Tabulated in Appendix A, Ret. 1) ~ 

htg ., 17, 680.3 - 2, 699.4 ( 1~ ~2 (3) Claul1u.- Inve.tlgator'. P-V-T data Tepper (1965) 17 
Clipeyron 

[htg = calls-mole; T ~ OK] 

h ~ 2.30, BP K'V - V ) (~) Clauaiu.- Second virial r.oel~ticient t)lllon (1965) 16 fg 'g 1. Clipeyron t&bulat~d tn reterence 

[htg ~ cal/g-mol~ ; P • atm; T • OK; 
K = 24. 218 cal/liter'atm; 

I V = litera; B = 2nd viri&! coett] 

,- - ----- '--------

* See Table of HeterenceB. 
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Fig. 10. Cesium: Liquid Entropy. 



Table 7, £nt,ropy (Satt:.rat.d Liquid) . '-,.-
Rql:.at1uD Eq. T01llpfll'ature Btlllc\arcS. MethOl.i. No. R8Il8e (.p) DeviatioD 

- . ----- - . 

s - s.,,. :.:: -1).5093 + o. 3275 1':>~1 0 T (1) 152-16,6 

-1. 5~07 x 10-4 T + 2.9925 x 10·· T2 

[T = oR; S = Btu/lb .on' m ~ 

S - Sf} '" 0.05683 Itt T - 0.19387 (2) 5';0-2400 

~T '" oR; S =~u/1b:.l' OF] 

_. -~ . -400 -
* Se£ T~lc pf Reference •• 

Entropy (Btu/lbm'·F) 

-. 

[ 

I 

C~Dt. 

--
Till 41' s • r c - + 

till:'., p, t 'r 
Ali 

~ 

t 111' 
+ Till a p" T 

Bued on a J ~ 0.05 p, ' 
gave ROod degree 0 
con.i.tency in P-V 
_~ror in P-V-~ dat 
aftect c t and he p, 

. 

683 wh:i.ch 
f internal 
-T dah.; 
Ito would 
nee 8. 

Inve.t1gator 
(Date) 

Ac~ener (1964) 

Ewing et al. 
(1965) 

Ret.~ 
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1 
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Fig. 12. CesiWl': liqUid Specj fic Heat 

C I" = 0.0~683 Btu/lb .oF p, l.q m [Eq. (5)] 



Table 8. Specific Heat (Liquid) 

Equation Eq. Tl'!mperature Standard Method No. Range (OF) DeViation 

c = 7.25 cal!OK'g-atom (1) :>600 Deri vati ve of eq. 
P for saturated-

liquid ent.halpy 

c = 0.08543 - 9.50; x 10-6 T (2) 15~1656 Derivative of eq. 
P tor laturated-

liquid entha.l.py 

+ 5.985 x 10-8 T2 

[c = Btu/1b ; T = OF] 
P m 

c = 33.6 - 0.019 T 
:D 

(3) mp-212 

[c = joule! g-atom· °C; T = °c] 
p 

c = 0.0554 cal/g'oC (4) 8~212 
p 

c = 0.060 Cal/g'oC 
p 57~2100 

c = 0.05683 Btu/1b • OF 
P til 

(5) )1)70 

c = 7.455 c&1/oo1e' OK (6) :>600 
p 

See Table of References. 

COIIIIII! nt 8 
Investigator 

(Datf!; 

No v~ correction Tepper (1963) 

No V ~ correction Achener (1904) 

Rengade (1913) 

No V :~ correction; W&8 LelllDOn et al. 

&8 much &8 21> in places (1964) 

Gave greatest degree ot Ewing et &1. 
internal consistency (1965) 
in 3rd-law c&1cula-
tioDII (trial and 
error) 

Helmel (1965) 
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Table 9. Dpecific Heat (Vapor) 

Equation Eq. Temperature StarJda.rd Method Comments Investigator * Bo. Range (OF) Deviation (Date) Refs. 

-
1250-2550 Calculation Bormal evaluation of the Ewing et al. 1 

I differential at 50°F (1';;65) 
increments 

(TaDULawell l.D J'.ppemux .0, 1\e.I. .I.) \.oJ 
\.oJ 

-
Superheated Vapor 

Equation given in Ref. 1, p. 21; also 125<>-2550 Calculation Computed alcng constant Ewing et al. 1 
tabulat.f!d in Appendix B. temperature lines with (1965) 

each saturation state 
as starting point. 

- -
* &e Table of References. 
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Fig. 14. Cesium: Liquid Surface Tension. 
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Eq. Temperature Equation 
No. Range ("F) 

a = 76.4 - 0.030 (T - 83) 150-1850 

[a ~ dyne/em; T = OF] I 

- - __ U_ 
* See Table of' References. 

Table 10. Surf'ace Tension 

Standard 
Deviation Method COlllllent. 

4" Maximum 
bubb1"!! pressure 

Investigator 
(Date) 

Tepper et ale 
(1964) 

* Ref's. 
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TRAlmPORT PROPERl'DS 

Intr oduction 

The transport properties characterize a material with respect to the 

molecular processes of momentum, heat, and mass exchange. Viscosity, 

thenal conductivity, thermal diffusivity, thermal diffusion ratio, and 

mass diftUsivity ~all within this category. The electrical resistivity 

is also included in this section, since Easu.reEnts of this property are 

often used, through the WiedeDBDn-Franz-Lorenz relationship, to calculate 

the thermal conducti vity. 

Viscosity 

The viscosity, ~, characterizes the flow resistance of simple fluids 

and appears as the proportionality coefficient in Newton's law of viscosity: 

dv 
x 

T =,.,.-, 
yx dy 

which states that the shear force per unit area is proportional to the 

negative of the local velocity gradient normal. to the ~an now. The 

negative sign specifies that the viscous (molecular) m~ntum flux tends 

to go Ul the direction of decreasing ~locity. This also enables a treat-

Ent .hich is cons istent with that commonly employed fo~ energy (heat) and 

D&SS transport. 

Liquid Viscosity. The reco~nded equation [Fig. 15 and Table 11, 

Eq. (1)], obtained by Achener and Boyer,3 is a reaF:lonable :fit to most of 

the available data. The results of LelJ1DlOn et al. 4 have been disrega.! ded 

at this time, Since the dat~ obtained by these investigators differed 

. 

I 
1 



significaT-~ll' from those ~po~ted in other sources. The equation of 

Tepper et al.1.7 y i elds vall:es abou (; lCJt, higher than those predicted by 

the recOJmlended eqllat~on ~ 

Yapor Vi2Cosity. Yalaes along the Eat:.li"'ation line are plotted in 

Fig. 16; the available data are Rlum:m'ized ~n 'I8.ble 12. The ul>per curve 

gives the calculated results of Wec.therf'o:Ldj 29 the lower curve is the 

polynomial f'i t [Eq. (2b )] to t~le dat!'!. (If Lee C:.f.nd Bon:!.lla. 23 The data of 

the latter are ~commended. Note, however, that the powex [Eq. (2a)] end 

polyn~ - '1 (Eq. (2b)] fo~ given by Lee and Boni~la give somewhat dif-

fc ,.-pnt results. -rhuaS : 

T Pow~r Fit / Polynomi al Fit 
(OR) (Ibn hr·f't) 

rno 0.0553 0.0533 

1800 0.0568 0.0568 
1900 0.0584 0.0597 
2000 c.o6oc 0,,0618 
2100 0.0616 0.0628 
2200 0.0631 0.0645 

At this tilne, no preference is indi~ated between the two forms of the 

Lee and Bonilla correlatic,n. Reasonable agreement exists between the 

Kit~ilakis and Meeker~9 results, calculated using experi~ental thermal 

conductivity values ~~d the kinetic theory relationship between ~ and k, 

and the Lee and Bonilla data. On the other hand, the experimental data 

of Weaver and Stratton22 ~how significant deviation from tilat of Lee and 

Bonilla, possibly due to their use of the Taylor and Langmuir14 relatioIl-

ship for the vapor pressure. 



Thermal Con~uct1v1ty 

The thermal conductivity; k, of a material is the proportionali ty 

coeff~c!ent appearing 1n Fourier's :aw of heat conduction: 

dT 
~ =-k­

dy 
• 

This 1s the one-d1mens1oi1B.l form of th€: equa.tion relating tl'ie heat flux 

to the temperature gradient. For an isotro¥ic ~diUJl! ( -:.11. which k has the 

sama value in all directions) and T = T{x, y, z), the same equation applies, 

with the appropriate temperature gradient, in each of th€: three Cartesian 

directions. In a more general form, the la.w of heat connuction can be 

written: 

, 

neglecting heat sources, where 1" = t~ and ex = thermal diffusivity 

(kiP cpl. This latter quantity is often of importance and can be calcu­

lated from the given values for k, P, and cp • 

Liquid Condu~tivity. The data of Lemmon et al. 4 constitut~ the only 

thermal condu\:tivit.y ueasu.rements for liquid cesium and are currently 

recommended [Fig. 17 and Table 13, Eq. (3)] as the best available values. 

The other tabulated equations ('}epper et al.,5 Boclman and Bonilla,1.8 and 

Hynan25) were obtained through calculation from electrical resistivity 

measu.re~ntf:j; the agreement with the Lemmon et al. results is fair. 

An expression suggested by Ewing and co-workers30 for the calcul~tion 

of thermal conductivity from electrical conductivity was applied ~0 the 

resistivity data. However, this procedure yielded results which differed 
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more from the experimental data than the values calculated by the more 

normal WiedeDfUln-Franz-Lorenz relation. 

Vapor Conductivity. The experilrental results of Kitrilakis and 

Meeker19 [Fig. 18, lower curve, and Table 14, Eq. (1)] are recolll!Dended 

on the basis that vapor viscosity values predicted from their data agree 

reasonably with the best available experiJDental data on vapor viscosity. 

The calculated values of Weatherford26 [Fig. 18, upper curve, and Table 14, 

Eq. (3)] derive from his vapor vis~osity pl~diction ass~ng a constant 

Prandtl lWdulus of 0.73 anc; a frozen specific heet as es~imat€ i by Shapiro 

and Meisl. 3 1. Note that Wea'the"!"f'ord predi~ts conductivi ti~s which are 

~bout twice those measured by l'i·~r:'lakis and Nee!{c?r. .lI:! COllt:s.st, Gottlieb 

and Z011we~o !"eported (~onductivities measured 1.ly a heat ·tl~~fer technique 

which are about an order of magnitude sma.11er then the Weatherford pre­

diction. Achener is currently also using 'l. he~.t-tran.sf.e.r me"thod to In.?asure 

cesium-valtor conductiviti~s; data have not yet beec reported. Cooke (ORNL) 

has proposed a measurement utilizir.g & steady-state variable-gap conduc­

tivity apparatus (an improyed v~rsion of the technique UEed by Kitrilakie 

and Meeker) which bas been shown tc give excell.ent data for arg()n and 

helium. 

Electrical Resistivi~ 

While the electrtca1 resistivity of 8. li.qule is need~d i~ some appli­

~ations (e .g., in the design of control and measurement instrumentat1o:'l) > 

major intere l~t in this property derives from the relative ease in per­

forming electrical res isti vtty measurements as .)~posed to thermal \!on­

ductivity measurerents. The Wiedemann-Frauz-Lorenz (W-~'-L) ~ .. elati<,'nship, 
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kip IT :r L e 0 
, 

is then used t(\ cal~Ul.8.te k from too resistivity: p ; T is the aosol-lte 
e 

t~mperarature ~.nd L , t~ sou~)':! _ed Ln~nz numoo-r. 20mmerfeld ded:J.ced o 

throug~ quanivJ. mec~ics that 

, 

where Ie = the BoltznaDD constant and e = the elementary charge ot an 

electron. For molten metals, the W-F-L relation shO"~1 givCi thermal 

conductivities close to actual. values. However, comparisons Dade with 

several liquid metals whose thermal conductivities and electrical resis-

tivities are well-known give k predictions higher than the experimental 

values. It has not yet been resolved whether the discrepancies result 

from a breakdown in the theory or from ina~cura.cies in the experimental 

measurements. 

Liquid Resistivity. No recOlDlEndation as to the best equation is 

made at this time; further evaluation: of data in accord with the above 

discussion renains to be carr:ted out c 

The equations of Hochman and Bonilla:t 8 and of Kapelner and Bratt-::>n24 

agree closely at 17000 F (-198 ~ohm.cm versus .",194 ~ohm-mc). The result.s 

vf Tepper et al.s fall about 4~ below- these (-laB ~ohm·(;m) and of Hyma . .''l2S 

fJ.bout 2f?11, low (-142 ~ohm·cm). Either of the first t~ro equatlons [Eqs. (2) 

and (3) in Table 15] appears adequate; the results of Hoc~~n and Bonilla 

are shown in Fig. 19. 
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Mass Diffusivity 

While no data are included in this collection at tr.e present time 

on the mass ditfusivity, D, for the sake of completeness a few brief 

comments are nerited. In 8 fashion analogous to that for viscous flow 

or be&t conauction, tne diffusivtty ie the proporttona1ity coefficient 1n 

Fick's l&.y of J.if~.lsio~ w!1ich, in one-dill1eDsional form, can be wrjtten: 

l.-here jAy is the molar diffusion flux of component A in the y-direction, 

CPo. is the molar c0ncentration of compone~t A in the mixture, and DAB (= D~) 

is the diffus:i·.rii:y c2.cffi~ient for component A through component B. Of the 

three tl~port f4~esses, diffusion js the most complicated since it deals 

with mixtures. This property a.ssumes importance i~ respect to the compati-

~i1ity of cesiUlU ~-ith its container mat.e1"i8.i~, condensation of cesium vapor, 

etc. 

Thermal Diffusion RatiO 

ThiB describes the tendency for species to diffuse under the influenCe 

0-; a temp~rature gradient. Generally, thi.s effect is quite small; bt:t 

systems have b~en developed which produce temperature gradients sufficiently 

steep to effect separation of mixtures. The thermal ~iffusion ratio is 

de .";:-incc. as: 

p .- , 
DAB 

where p is the fl~lid den.clity; c is the total molar conc~ntration; MA and ~ 



are the molecular weights of species A and B, respectively; Di is the 

thermal diffusion coefficient for species A in t~~ mixture; and DAB io 

the binary diffusivi ty in the mixture A-B. A discussion of this property 

and the i.nterrelat ions hips between the transport properties can be found 

in Section 18.4 of Ref. 32. 
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Table 11. V1lcoait:r (Liquid) 

Eq. Temperature Standard Ilmtlt1gator * Equation Bo. Rulp (OF) Deviation Method C~ntl (»ate) Betl. 

1081 0 ~ = 181; 2gJ - o. 59911 laD 0 T + 1. 41461 (3.) mp-1958 3.5~ Olcillatilll Uled dna1 t~, 01' Ret. 2 AcbeDer aD4 3 
Cyl1nder 8oJ'er (1966) 

[~ = 1bJhr· f't; T = °Rl 

454 (2) 85-600 4 10&0 " = T - 0.401 Oaol11atins Uled dane! ty ot Ret. 2 ~n at al. 
C"lin4er (1964) 

10810 ~ = 1f .- 0.645 6al-2lOO 

(~ = lb,,/hr' f't; T = OR) t 

~ = 10.14 e 516/T (3) 83-412 Olci11atll18 Andrade and 21 
Sphere Dobbl (1951) 

[~ = miliipoisej T = °C) 

495.592 (4) 99-2000 OIcillat1D& Tepper et al. 11 1.0&0 ~ = T - 0.64491 
Cylinder (1965) 

[~ = 1bJhr. tt; T :-; OR) 

,-
~ 

See Table of Referencea. 
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Tab1f 12. Vi.co.ity (V~r) 

Equation Eq. Tellperature Strmdard 
Method C~nt. 

Inve.till·tor Ret., · 110. Ranse (eF) Deviation (Date) 

~ = 0.99 x 10-v ~.73 (1) 960-3140 Tr8Mpiration Wea,,~ and 22 
Rtratton 

[~ = gmVcm.sec; T = ftK 
(1965) 

~ = 6. 288', TO.&~U (2.) 1160-1810 1:3.~ Ccll~ Capillary, Lett aDd 23 
I Steady nov Bonilla 

or (1<)66) 

'"', = -648.14 + 1511.52 ( 1~ ) :t3.~ 

~28.65 ( 1~ t (2b) 

I 
~ 

~ = micr~ise; T ~ OK) 

-
1 

~ = 7.05 rrI/~ (3) Derived Baaed on kinetic theor.y JtitrUakia 19 
relat1onah1p between J.I and Meekl!r 
aDd k; e~culated troa (1903) 

W = micropoise; T = OK] k_ ... ~nt. 

Curve plotted in Ref. 26. (4) 5~224J C&l.eulated CcIIpute4 tor variable Weathertord 29 
.,leeular vei!Jht (1961) 
.aturated vapor uai.Jll 
DeW equation tor BU 
viaeoalty 

----- - - - -

* See Table of References. 
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Table 13. 'l'bel'll&l Conductivity (LiquU) 

Equation Eq. Temperature StUldard Method C~nt. 
Inv .. ti.ator 

Ret •• • Ro. RaDle (oJ') Deviation (Date) 

k = 0.273508 + 1.340894 x 10-' '1' (1) 168-1946 Derh.d CalculAted trca electrical Tepper et al. 5 
r •• i.tivity .... ~nt. (1964) 

- 1.422601 x 10-1 '1'2 + 1.491586 
uaiD8 W.ideaann-Franz-
~renz equation 

x 10-12 ~ 

[k = w/in.· OF; 'J: = OF] 

k • 0.124664 - 2.51402 x 10-1 '1' (2) 600-3000 2.4~ D-trlved ,.. above; W-J'-L con.tant • HoCt.al, and 18 
- 1.63806 x 10.9 r ~.3 x 10· (volt./oK)2 Bonilla (1965) 

[k = w/cm·oF; '1' = ·F] ~ 

k = 16.220 - 0.003995 T (3) 347-2160 Steady-.tat. ~~t-.quare tit ot data Le..on et al. 4 
10ncltudlnll (1964) 
heat tlow 

[k = Btu/hr' ft· OF; T :2 OR] ftPpar,.tua 

k • 0.0)'8 to 0.050 c&l/ aec' °C· cm (4) 1Ip-786 Dedved Calculatea tro. electrical ~ (1961) 25 
re.l.tlvity data thro\llh 
W-J'-L relat:'on.hlp 

---- -- --

* See Table of Reierencea. 

) ~ 



) ..., 

, ............. _-

ORML DWC. v7-6502 
0.0082 "" , " ,.... . ll~ n"mnll!IItUIITTrrITfItIHllll.lt IIlWH 1111.11 II! 1!1I1Ifr~;1 (11'1! !llq II Inll l ; II ; 1111! mil rrr~ I:; :: :;:! : ~ :I hlj: !:; ; [il! h iMl1'1HI fllllilf fl.~ ~!~l ln l ~.I . HJ,IJ~~I'JJ.ll;]UH!!: :11 . :ll \ I : li*'~~~ " ~,' .": ,j: "~lft+l 

'T:T:~ :1! :: f n~ ttL :.1: 'I: : ;tll :; :P l rl n: Saturated Vapor · ~~'I.I 'i·j Ijrj I!E !I ! !~liii l!n I ;1!li! II ijll~: 
:. , . .. .. .. , .. " , .. " ,. 1 Ill, Uti ·I'i· , . • 'f lli"~ 1 ~ . ~tli 11!1"II!JII11'1 II J1:' I H 'i li''' ' • • • • • , • •• • , • t ' . • • • , ., I I " I , • : I , • ! " , ~. . I • • , j I: I J ,! I: ~ . 
:i: : :::: ::;; ;'i;: ;::: 'ii; :!i; :~:: ItU '.;11 I i 11 .llIl~ . ·d· II -t Ii , 1 ·1 ! J, mtH+t~ I ' 1 ,t.~ ;' I 
r:'~-::'i: , ::i::I:I : I·l. :.!~!· · ; : l~ ~·J !r j jj r l l'l ttl ~I . ·Il I1I11 _ llil :11!:1'l.1 11 ! ~ IL:, r .• ," .. . .. , . , I ' . , . , . , I , ., ~ ' : i I 1. , , I nl It . . I . 1.1 11 8 ., ", , .. ... , .. ,., I' . . j, "f' "I'~'I' 'I I " 0·007 .. • " 'III .. ' ''. , '1 ' " ,,, . "':1 : t il . ' Jl t . ' :1 I · . ; ; , : , 1 lij , t o I' ".' .. ," "', " ... , .. , . . , i ' . , UW, .... \. .. .. I , " ' I , .. \ ' 1" J ~ !.'" r: I'',.-I ! }. , I II .Ii j~ 1ft II . .:~ .. We.'therl'o-.ol 'TO. r i',II-1 .. 

... . f ' " •• , . I . t """ , t", ·
1 IJ: ~I! _ A' ~ I I . ' I i .ffi1 

" . • : ' . I ' " . " • • , " : . r II' I I I, . . 1' : .' !, :! :: ::' I : ' I : r! I !: ::;', I q! il ! j! I 11 I II!: l , I . i'j Ii j d I I . II I " Ii", " J ' , " .. , : ]J.' 1 d I I li , 
. I . , . I ,. J. . II ,,, " Of ' • II ., 'I ~ fT [I I ' Iir' I i, , I !I I I 'i' 
::; : :: ;[ ::;; : : ~! !!·ji iil!!Tfi rp! II jl I - i ' 111l11lt! · HIli! II 1111 ~ trtidl!!~ lh: ,!:~ t'~ : It' "i: ml il hi, .. , ~~ , I, H*~:' II ' , i 11 "I I! IT t! rl!T I'" 'ij , j j I ' ITI rt " Ii !: f IT: :~;: ! ITT : i !; : i :': ;;!; Ii II . I 1m! ~ t 1:i II J . If ! I I iI I' I! . ,.. ': I I d i iii, .1 ! Ii: : . d 1. 

0.OO7
4-r;;: ;: ; ':: :::, ::: . ii;j :!; i ;;;; Ill" 1 'II! I I I ' it II T,! In! 1~'~q:J'l iiHt tlt'lt' tll~;. i !I! i ~: .W !lp ,~rr Iill j~fflM1:1 

, I , . . ,. . . . , I . . . ,I" , . I' •• 0 ••• ~t+ .. ," '-I Ilf~ 11H ! ., . "'/" I J _~ ...... _-_ ._ - • .• •• _ . .. : .~t-.- . .. ' 'II "'I I~ I. " I I' t • I " 

- :!: ; ::1 . ".: i:! ! :< :::1 i!P !l.p I~ n 1 . 1 I Ii 'ili 'i i, Iii: ,Ii i i rI! t iii Ii . " ;/' :, .:Ii , 

1~ iii: ' ; ~; ~ i~ ~ 1~ ! Ulllii i:;j il li ,'il .IILIIII' . 1 il 1111l4Jllll!~W ~l ! ! iU ll~ 1!"11 I Wj~1 ;tfi ~II tltl ll!¥, 
~ : ! T~ ::': ;;:: ,~ !' : .. ! ;I I! I:II li ll 'II ;!!j rrn i f! II In II ,ii l !! IT I:: rli ,m Il! i I II l! I it,: '!:lln ,: IT'd!lO.0041 

~ 0.0070- I! :; .:: - :: :::; :, !: ;: ;; l'llll' li,t Ii iii ll iJ:ITi !i l[! llli .Ii lj ! ~ lmI!T:1 :I;jdili II Ii ; t! l[i! rrn!tlj ~1l 1 Wjrlli!1~H i milil 
......... .. . , . ' :...1 " ..... Ii II , T:1 tn· i1 'I~" II I! " ' , . , , '"'' r ". I ' j l T 

:;l 7"':- :~ ~: '7'7 7'~ . . 77if :-:-!":. I ,. I t I Ii.. I . Ill', lUI I I ,1\1:: I' i! I : ,',' I' I; 'I' 'I Ii : 'I " i ,'I : I : I ,' , . : • t ' I , +l . : . : 1 ' : : ':: . . " . ;; ; . I ti l! I , .. ' t~ ~ ~ I I ' 11 t,. . ,,1 . : J ' I , 11 • ". I ' • I , • • • 

e :. :.{ ' . . : .::: :::;: .; ;:~ : ;I~' " I"; IU lql! ' I i!i:mI1 !~ 111~'i I: : : U'I,~,,!' jl fl ~q r! ,n, d II' I!~~l l :,'ll ;!il Pli ;ii; Pi ? ..., 
• .,4 

> ... 1 ..., 
g 
'0 

§ 
t.> 

i 
1!. 
E-4 

.. . . ,.,. I. ! Il , ' 11 I I,' n I"H' ', "' : I: . II ' .: I ' J ': ' L.!, ill U 'lj' ,. 11 .1. ~ ...... ~'1. ~_,~ • . 1. . . " . , . . ," " tl' " ,., ~ I ~ _. '''''rr no rT I I " I ' • . , ' •• I , , ' I ' , ': id~ ~ ~ -::. :rtuTILiIi ilh illl'nn Ti ~ I ! 'I ~ ii, lIi"!': I! i iln ~ IJi lid In ,It )! !,,' 'i" ! ::~ :I :~IO.()(>31 
O 0066 

I · i j "lllUl II I [II " I .. " " . I" 'I " ' I! I' il ' ! 11/11 II' 'III! . II ' , .. . " I I'! il . t·w": ::: :,.: .:' : :; jl :':;f8t:;1J !Ij: P'! ill!}!! I I! ;1 II i I! 'II !i, ~. !i ' ;;Ift: illi i·:: ' :: W! !.UIII ! !.! •• . 1i~ ;::: .:~i~f.ill~ 
, . .. . , ' .~ '1. I , lJ~ 'I' IIi1 tiL II T ~" 'I fo'~'~ ··r ~. , .. ~r.I't 'm!t " .. ··· ·r117i'· " I I "' , 'I" II" . i .' - ~~ .- ;. ~ .. -~ : -; 1:-7' I , I • • , • ! I :' I I : I I' ' : i . r I! ' I ., I' • f • . : ' ., I I ' : : ; • i f ' t : ! :~: :.' :1' ::: : :i:i :1 1i lll i ~!l1 !HI !'l ! ~ I ,III lliil'!i Ii i :: 1 '.i.i :1.: L '~ d:' I Ii il l : :!,; : ~~: ' :,' ' !,~ ' .. ' .. }? 
I! . . :: :' r :': i: i: ii:l1!il UU11 i! j!il ill j~U I illl'lI 11!, ill! ,11j Jj il~~~:i! H~i 1 !!1!~! : ~i!~ l~l !llHlll~~, ~~[1 ~PI 
-\ : ~~ - :: " ~"; : :: ~ ; i ii ; nl !iff !!Il : I ~ :T ji J]: il ll !li lli! iii! III :;:1 ll,! iii! q: : 'III ;!: :r1! ; ~~rnl i;!lI: j, ::: :.w'u{).OO33 

0.0062 ··.:i, :i '; : .. : . I " . : : : ~ ;1[111:1 11' m j' lil li il l , !U! il!1 'Iii ! ! ~ ~! '~llJ.tfll i lllHIIi!I !~~ llU Kitrllakil .. lUil 
- ~ .. :~~~ 7·...: .~ : ! : " '~ I-~ i1; P ~I fl , nl ++ iT'rT:11 :!IIII~II ~!· :-1r, ~· illift Ilf,'I,m 1 r I~~~III :i ' :I! : i! I and Meeker U~n 
. . : :: ' ,, ' : :' :1': i 1111 'II, ,I ,. Id'll I illll: !f 1 .1., i!l, r'i'f " III , " " " .. I .rt 
I
::· ., .:: .;'.: ': !II ! i: i Ii 44 III ;~~ j II ii ll iii ![ll Tn! ~~ ,II! llWI ! l i:~.i jill :j IIU IUll !iil ~ ~ 

, 1; ~ •• ~: ,; d~ ~: nii ii i: rd' I 11 flli 1 j j!i'~ 11 ;Ii hlll ~1F.4fI!1i1TI irii ill' 'lill rll!:: ,:fii[flI1" 11111!1 i ~ :!::I:!:!;:.ooe9 
0.0056,,:, iii!! :ii iU: iiI! liillflillilTI Ii till if111illl1m'i !llU Ii'!lilill I llllltl ~ lUll I !illll ,I, 

1 rr:~~::if;IT !t;TI~ 1ll11l1!1 illl f "I ~~ liP !Will! W· III lIT III U! IIII!II m I II 
I 

·rr llllll 
2100 2300 2~0025 1900 llOO 1300 1700 1500 

Temperature (-I') 

I 

Fig. 18. Cesium: Vapo'r Thermal Corlductivity. 
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Table 14. TbeZ'll&l Conductivity (Vapor) 

Equation Sq. Temperature Standard 
Ro. Ranie (ep) Deviation Method 

k _ 1.65 x 10-8 ~/a (1) 931-3184 Ste~-.tate, 
par&lle1 plate. 

[k • w/cm.oK; T = OK] 

T( OK) k{w/cm.oK) (2) 1241-1679 Heat-lOll -
945 1.14 x 10-& 

l.UC~ 1.49 
1060 1.15 
1123 2.0 
llea 2.2 

Curve shown in reference (3) 5~22~ Calculated 

* See Table of References. 

C~nt. 

Method of calculation not 
clear 

Obtained \Uina troZQ 
Ipecltic heat and 
vi.co.ity (Ret. 29) 
&I.ua1na a eon.tant 
Prandtl mdul:.&l of 
0.73 

lave.tilator 
(Date) 

lei trll.tll and 
Meeker (1963) 

Gottlieb and 
Zollvel (1963) i 

Weathertord 
et al. 
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Fig. 19. Cesium: Electrical Resistivity. 



Equation lea· 
lfo. 

Pe - 10.90851 + 3.39024 x 10-2 T - 1.670142 (1) 

x 10-1 T2 + 1.096439 X 10-8 T3 

(T = or; p = ~ohm·1n.) e 

" Pe = 3.4630 + 1.4812 x 10- 3 T (2) 

- 3.62046 x 10-7 T2 + 6.99129 

X 10-11 T3 

(T = OF; P = ~obm'cmJ e 

~e a 34.383 + 1.124 x 10-1 T - 2.869 x 10-- ~ (3) 

+ 1.001 x 10-7 ~ 

[T • DC; P = ~obm·cmJ e 

Pe = 38.5 (1 + J.OO308 (T - 50)] (4) 

(T • DC; P • ~ohm·cm] e 

* Bee Table ot References. 

Table 15. llectrlcal Rel1ltlvit,. (Liquid) 

Temperature Standard Metbod C~DtI Rance (Or) Deviation 

168-1946 1~ ..... ured nl1ltuace UId 
calculated reliltivlt,. 

600-3000 2.5~ Me .. ure4 conductance UId 
c~culated reliativit,. 

83-1610 :to.~ ..... ure4 potential drop 
wi tb kDcnm eurnnt 

~186 u~ 

.. 

Inwltip.tor 
(Date) 

T~r et al • 
(1964) 

Hocbaul UId 
Bow.lla (1964l 

1 .... lDer add 
lSratton (1962) 

Jfpan (1961) 

Retl.-

5 

l.B 

24 

25 

V1 
l\) 
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A, B, C, D, E 

c 

D 

p, P 

R 

s 

T 

v, V 

v x 

NOMENCLATURE 

Constants appearing in equations of state (Table 4); 
also designates species in a mixture 

Total molar concentration; CA' molar concentration of 
species A in a mixture 

Heat capacity; Cp,g' of vapor; cp,l' of liquid; (cp)s' 
at saturation conditions 

Coefficient of mass diftusivity; DAB (= DBA)' binary 

diftusivity in a mixtUl-e containing species A and B 

Thermal diffusion coefficient for specip.s A in a mixture 

Enthalpy; H-, at temperature T; H , 
T-~ 0 

298°K; H , of vapor at temperature g 
at OOR 

Latent heat of vaporation 

at OOR- H at 
, 298' 

o T; H , of vapor g 

Molar diffusion flux of species A in y-direction 

Therroal conductivity 

Thermal diffusion ratio (p. 41) 

Lorenz number (= k PelT) 

Molecular weight; ~, of monomer; MA, ~~, of species A 
and B, respectively, in a mixture 

Pressure; P , at critical condition c 

Heat flux in y-direction 

Ga.!) ~onstant 

Entropy; s~, of vapor at temperature T; s~, of vapor 
at OOR 

Temperatare; Tc ' at critical condition; ~, temperature 
difference 

Vol~; Vc, !t critical condition; vg' of vapor; Vi' 
of liquid; V, molal volume 

Velocity in x-direction 

. ', 



x, y, i. 

z 

ex 

c 

p 

(J 

,. 
,. 

yx 

57 

iJartesian coordirate directions 

-Compressibility factor (= p v/RT) 

Thermal diffusivity (= kip c ) 
p 

El.en:entary charge of an electron 

Boltzmann constant 

Viscosity 

Density 

Electrical resistivity 

Surface tens:I.on 

Tima 

Shear stress, or viscous flux of x-momentum in y-direction 
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